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The compound U0126 (l,4-diamino-2,3-dicyano-l,4- 
bis[2-aminophenylthio]butadiene) was identified as an 
inhibitor of AP-1 transactivation in a cell-based reporter 
assay. U0126 was also shown to inhibit endogenous pro- 
moters containing AP-1 response elements but did not 
affect genes lacking an AP-1 response element in their 
promoters. These effects of U0126 result from direct in- 
hibition of the mitogen-activated protein kinase kinase 
family members, MEK-1 and MEK-2. Inhibition is selec- 
tive for MEK-1 and -2, as U0126 shows little, if any, effect 
on the kinase activities of protein kinase C, Abl, Raf, 
MEKK, ERK, JNK, MKK-3, MKK-4/SEK, MKK-6, Cdk2, or 
Cdk4, Comparative kinetic analysis of U0126 and the 
MEK inhibitor PD098059 (Dudley, D. T., Pang, L., 
Decker, S. J., Bridges, A. J., and Saltiel, A. R. (1995) Proc. 
Natl. Acad. Sci U. S. A 92, 7686-7689) demonstrates that 
U0126 and PD098059 are noncompetitive inhibitors with 
respect to both MEK substrates, ATP and ERK. We fur- 
ther demonstrate that the two compounds bind to AN3- 
S218E/S222D MEK in a mutually exclusive fashion, sug r 
gesting that they may share a common or overlapping 
binding site(s). Quantitative evaluation of the steady 
state kinetics of MEK inhibition by these compounds 
reveals that U0126 has approximately 100-fold higher 
affinity for AN3-S218E/S222D MEK than does PD098059. 
We further tested the effects of these compounds on the 
activity of wild type MEK isolated after activation from 
stimulated cells. Surprisingly, we observe a significant 
diminution in affinity of both compounds for wild type 
MEK as compared with the AN3-S218E/S222D mutant 
enzyme. These results suggest that the affinity of both 
compounds is mediated by subtle conformationaLdiffer; 
ences between the two activated MEK forms. The MEK 
affinity of U0126, its selectivity for MEK over other ki- 
nases, and its cellular efficacy suggest that' this com- 
pound will serve as a powerful tool for in vitro and 
cellular investigations of mitogen-activated protein ki- 
nase-mediated signal transduction. 



' glucocorticoids have been shown to act by binding to intracel- 
. lular glucocorticoid receptors (GR). 1 The glucocorticoid-GR 
complex once formed migrates to the nucleus and interacts 
with specific target sequences known as glucocorticoid re- 
sponse elements (GREs) in gene promoters resulting in en- 
hanced transcriptional activity. This feature of steroid hor- 
mone/receptor interaction is shared with a family of other 
hormones and effector molecules and their receptors which 
characterizes the steroid-thyroid receptor superfamily of li- 
gand-activated transcription factors (6-8). 
Although steroids have diverse effects on metabolism, their 

• clinical utility is derived from their potent anti-inflammatory 

" and immune modulatory properties that result from inhibition 
of cytokine, adhesion molecule, and metalloproteinase gene 
expression (9-11). The ability of steroid hormones to suppress 
transcription of key inflammatory and immune response genes 
is mediated through a mechanism distinct from GRE binding, 
however. Antagonism of the transcription factors AP-1 and 
NF-kB, which are important regulators of immune response 
genes, has been demonstrated in numerous laboratories and is 
proposed to be the primary mechanism for the anti-inflamma- 
tory and immune suppressive effects of steroids (11). This 
functional antagonism or transrepression of transcription fac- 
tors by the GR is due to a direct protein/protein interaction 
between the activated GR and the components of the AP-1 and 
NF-kB complexes. These findings have led to the notion that 
the anti-inflammatory and immune modulatory properties of 
steroids might be due solely to protein/protein interactions 
between the GR and various transcription factors, whereas the 

' ' side effects of steroid hormones may be mediated through clas- 
sical GR/GRE interactions (12). indeed, if this were the case, 
we envisioned that an agent that could selectively activate the 
GR to provide for functional antagonism of AP-1 and NF-kB 
without affecting GRE activation would be an ideal anti-in- 
flammatory agent. Therefore, we set out to identify agents that 
could discriminate these GR activities using reporter gene as- 
says in transfected cells. 



Glucocorticoid hormones have been used clinically for*over 
40 years, and their pharmacological benefits, as well 'as detri- , 
ments, have been extensively reviewed (1-5). Mechanistically* 
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1 The abbreviations used are: GR, glucocorticoid receptors; GRE, glu- 
cocorticoid response element(s); MAP, mitogen-activated protein; 
MAPK, MAP kinase; MEK, MAI 3 kinase kinase; MEKK, MEK kinase; 
ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal 
kinase; DMEM, Dulbecco's modified Eagle's medium; PMA, phorbol 
12-myristate 13-acetate; Tricine, N- [2 -hydroxy -1,1 -bis(hydroxymethyl )- 
ethyl] glycine; DTT, dithiothreitol; PBS, phosphate-buffered saline; 
PMSF, p henylm ethyl sulfonyl fluoride; THE, TP A response element; 
GST, glutathione S-transferase; FCS, fetal calf serum; TPA, 12-0- 
tetradecanoylphorbol- 13 -acetate; PCR, polymerase chain reaction; 
PHA, phytohemaglutinin; 1L, interleukin; ATF, activating transcrip- 
tion factor; BSA, bovine serum albumin, CHAPS, 3-l(3-cholamidopro- 
pyl)dimethylammonio]-l-propanesulfbnic acid. 
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Herein, we report the results of these studies. Although we 
did not identify an agent that functionally antagonizes AP-1 
gene transcription without affecting GRE transactivation 
through GR interaction, we did identify an agent that inhibited 
AP-1 independent of the GR> U0126 was identified as a cellular 
AP-1 antagonist. Mechanistically, U0126 did not prevent DNA 
binding by AP-1 rather it suppressed the up-regulation of c-Fos 
and c-Jun mRNA and protein levels in activated cells. Detailed 
investigation of the signaling cascades leading to c-Fos and 
c-Jun induction determined that U0126 was an inhibitor of the 
dual specificity kinase, MAP kinase kinase (MEK).; This inhi- 
bition appeared to be selective as U0126 did not affect the 
kinase activity of protein kinase 0, Abl, Raf, MEKK, .ERK, 
JNK, MKK3, MKK6, Cdk2, or Cdk4. Another compound, 
PD098059, has recently been reported to also function as a 
selective inhibitor of MEK activity in vitro and in cellular 
assays (13). In vitro steady state kinetic and equilibrium bind- .. 
ing studies of both compounds with MEK reveal that their 
mode of inhibition is noncompetitive with respect to both sub- 
strates and that these two inhibitors share a common or over- 
lapping binding site(s). Thus, both compounds are selective 
MAP kinase signaling cascade inhibitors and represent start- 
ing points for the identification and optimization of potent and 
pharmacologically useful MEK inhibitors. 

EXPERIMENTAL PROCEDURES 1 
Methods 

AP-1 Assay— COS-7 cells were cultured at 5% CO., at 37 ?C in 
DMEM:F12 medium (Life Technologies, Inc.) plus 10%. fetal bovine 
serum (HyClone Labs, Inc.), 0.1 mM minimum Eagle's medium non- 
essential amino acids (Life Technologies, Inc.), 1 mM minimum Eagle's 
medium sodium pyruvate solution (Life Technologies, Inc.), and L- 
glutamine 500 mg/liter. The cells were trypsinized and washed twice 
with Dulbecco's phosphate-buffered saline without CaCl^-and MgCl 2 
and resuspended in Opti-MEM 1 medium (Life Technologies, Inc.). 
COS-7 cells (8 X 10 6 cells) were transiently transfected by the electrq- 
poration method (150 V, 500 microfarads, Bio-Rad electroporator) with 
either the AP-1 response element (2x TRE-luciferase) or the glucocor- 
ticoid response element (Pmam-neo-luciferase) plus human glucocorti- 
coid receptor and RSV-j3-galactosidase (provided by M. Karin, Univer- 
sity of California, San Diego). Twenty- four hours later, cells were 
treated with 10 ng/ml PMA (phorbol 12-myri state 13 -acetate, Life Tech- 
nologies, Inc.) with and without 10 /xM compound (in triplicate) in 1% 
final concentration dimethyl sulfoxide (Me 2 S0) (Sigma). The cells were 
incubated for an additional 24 h before harvesting for luciferase activity 
and 0-galactosidase activity. The cells were lysed (Lysis Buffer, 25 mM 
Tris-P0 4 , pH 7.6, 8 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, 1% bovine 
serum albumin, 15% glycerol) for 10 min at room temperature. Cell 
lysate (50 /d/well) was transferred to a 96-well luminometer plate 
(Microlite 2, Dynatech Laboratories, Inc.) to which 100 fx\ of luciferase 
substrate reagent was added (20 mM Tricine, 2.7 mM MgS0 4 , 0.1. mM 
EDTA, 1.1 mM MgCO :i , 0.5 mM ATP, 0.27 mM coenzyme A, 0.47- mM 
luciferin, 33.3 mM dithiothreitol (DTT), pH 7.8). Luciferase activity was 
immediately determined using a Dynatech ML3000 luminometer. Chlo- 
ro phenol red-/3-D-galactopyranoside (Boehringer Mannheim) 22 /xl/well 
was added to the remaining cell lysate, and #-galactosidase activity was 
determined after approximately 1 h at room temperature using a Mo- 
lecular Devices UV mnx microplate kinetic reader at 570 nm. All AP.-l 
suppression data are expressed relative to the PMA control. All GRE 
activation is compared relative to dexamethasone. 

RP5' -Luciferase Assay— The effect of U0126 on a promoter contain- 
ing multiple inducible elements was examined in transient transfection 
assays using a human renin promoter-lucif'erase reporter construct, 
RP5'-luc. RP5'-luc was constructed by subcloning a 1.2-kilobase pair 
fragment (-1245 to +36) of the human renin promoter 5'-untrahslated 
region that contains both cAMP response elements and AP-1 response 
elements (TRE) (14) into the Nhei and BglU sites of pGL2-basic (Pro : 
mega, Madison, WI) and was kindly provided by Dr. Gwen Wise (Du^ 
Pont Merck). COS-7 cells were transiently cotransfected with 20 jug of 
RP5' -luciferase and 2 ^tg of human GR as described above. The trans- 
fected cells were plated in 96-well plates and incubated for 24 h at 5% 
COy, 37 °C before being treated with 10 ng/ml PMA or 1 mM N-6 2',-0- 
dibutyryladenosine 3 ',5' cyclic monophosphate (Bucladesine; dibutyryl 



cyclic AMP, sodium salt) (Sigma) ± compound. After an additional 24-h 
incubation, the luciferase activity was measured as described above. 

Immunoprecipitations — Jurkat cells were grown in RPMI 1640 me- 
dium (Life Technologies, Inc.) plus 10% fetal bovine serum (HyClone 
Labs, Inc.). Cells (1 x 10 7 ) were stimulated with 50 ng/ml PMA and 2 
/ig/ml PHA (phytohemaglutinin, Murex Biotech Ltd.) for 15 min at 
37 °C. Drug-treated cells received U0126 at a final concentration of 10 
/xM in 0.1% Me-^SO immediately prior to stimulation. Control cells 
received an equal amount of Me^SO. Cells were centrifuged at 1000 
rpm, washed once with cold phosphate-buffered saline (PBS), resus- 
pended in 1 ml of ice-cold R1PA buffer (lx PBS, 1% (v/v) Nonidet P-40, 
0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 0.1 mg/ml phenyl - 
methylsulfonyl fluoride (PMSF)), and disrupted through a 21 -gauge 
needle. Cellular debris was pelleted at 14,000 X g, and supernatant was 
incubated with 1 (xg of the appropriate antibody (c-Raf-Kc-12), MEK- 
l(c-18), ERK-2(c-14) from Santa Cruz Biotechnology, Inc.) on a rocking 
platform at 4 °C. After 1 h, 40 ^1 of a protein-A agarose slurry was 
added, and tubes were rocked for another 2 h. Agarose beads were 
pelleted by centrifugation at 1500 rpm for 5 min, washed 3 times with 
RIPA buffer, and then once with 20 mM Hepes, pH 7.0, buffer. 

Immune Complex Kinase Assays — Immunoprecipitates were resus- 
pended in 25 m-1 of kinase assay buffer (20 mM Hepes, pH 7.0, 5 mM 
2-mercaptoethanol, 10 mM MgCl.,, 0.1 mg/ml bovine serum albumin), 
containing 1 jug of His-MEK-1 (Santa Cruz Biotechnology), 5 fxg of 
glutathione S-transferase (GST)-(K71A)ERK-1 (Upstate Biotechnology, 
Inc., eluted from agarose beads with 10 mM glutathione), or 3 /ug of 
myelin basic protein (Upstate Biotechnology) for Raf, MEK, and ERK 
kinase assays, respectively. Kinase reactions were initiated by the 
addition of 10 /xM ATP plus 10 jnCi of ly- :,:1 P]ATP (NEN Life Science 
Products) and incubated at 25 °C for 30 min. Reactions were terminated 
by the addition of Laemmli SDS sample buffer, boiled for 5 min, elec- 
trophoresed on a 10% Tris glycine gel (Nov ex), dried, and analyzed 
using a Molecular Dynamics Phosphorlmager. 

Western Blots— COS-1 cells were seeded in 60-mm dishes at 30,000 
cells/cm 2 in Dulbecco's modified Eagle's medium (Life Technologies, 
Inc.) plus 10% fetal bovine serum (HyClone Labs, Inc.). Cells were 
pretreated with compound in Me 2 SO (1% final concentration) for 15 min 
and then stimulated with 10 ng/ml PMA for 15 additional min. Cells 
were washed once with cold PBS, lysed with cold lysis buffer (10 mM 
Tris, pH 7.2, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 

1 mM PMSF, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 50 
fxg/m] aprotinin, and 50 ;u,g/ml leupeptin), scraped from the plate, and 
centrifuged. Supernatants were assayed for protein using Bio-Rad DC- 
protein assay kit. Protein samples (20 jag) were analyzed by SDS- 
polyacrylamide gel electrophoresis on 10% Tris -Tricine gels (No vex). 
Protein was electrotransf erred to polyvinylidene difluoride membrane 
and probed with a polyclonal phosphospecific antibody against ERK 
(New England Biolabs). Detection of bands was carried out according to 
the manufacturer's protocol and analyzed on Molecular Dynamics Per- 
sonal Densitometer. 

For the experiments to determine the effects of U0126 on Fos and 
Jun protein expression, 3T3-type fibroblasts were plated in 100-mm 
dishes in DMEM, 10% PCS, and when they reached confluency were 
serum-starved for 72 h in DMEM, 0,5% FCS. The cultures were then 
stimulated with 50 ng/ml TP A, 10% FCS in the presence or absence of 
compound for various lengths of time. Compounds were added to give a 
final concentration of 0.1% Me.^SO. At the end of the incubation period, 
nuclear extracts were prepared as follows. The cells were trypsinized, 
washed twice in cold PBS, and resuspended in 100 /A of Buffer 1 (10 mM 
Hepes, pH 7.9, 60 mM KC1, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM DTT, 
and 1 mM PMSF). After 5 min on ice, the samples were centrifuged at 
4,000 rpm for 5 min, and the pellet was resuspended in 100 u.1 of Buffer 

2 (10 mM Hepes, pH 7.9, 60 inM KC1, 1 mM EDTA, 1 mM DTT, and 1 mM 
PMSF). The samples were centrifuged at 4,000 rpm for 5 min, and the 
pellet was resuspended in 100 fx\ of Buffer 3 (250 mM Tris, pH 7.8, 60 
mM KC1, 1 mM DTT, 1 mM PMSF). After three freeze/thaw cycles, the 
samples were centrifuged at 9,000 rpm for 15 min, and the supernatant 
was saved as the nuclear extract. Ten jag of this extract was analyzed by 
Western blot as described above using antibodies specific for c-Jun, 
c-Fos, and SP-1 (Santa Cruz Biotechnology). 

Cloning and Expression of Kinases — cDNA encoding a constitutively 
active form of MEK- 1 (AN3-S218E/S222D) (N. Ahn, University of Col- 
orado, Boulder) was recloned into pGEX-2T to express it as a GST 
fusion protein. Wild type forms of ERK 1, p38 ; JNK1, and MKK-3 were 
cloned from a mixture of mRNA from human Jurkat, HeLa, and Raji 
cell lines by reverse transcriptase-polymerase chain reaction (PGR). 
Wild type MEK-2 was cloned by PCR from a cDNA clone (K. Guan, 
University of Michigan, Ann Arbor). Wild type SEK-1 was cloned from 
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a mixture of mRNA made by reverse transcriptase-PCR from EL4, 
7023, and WEH1265 mouse cell lines. Wild type MKK-6 was cloned from 
human skeletal cDNA (CLONTECH). The catalytic domain of MEKK, 
consisting of amino acids 353-673, was cloned from mouse spleen cDNA 
(CLONTECH). A truncated form of c-Jun consisting of amino acids 
1-108 was cloned from the full-length c-Jun cDNA. The wild type form 
of ATF-2 was cloned from fetal brain cDNA (CLONTECH). The' primers 
used for the cloning described above were as follows: 5'MEKl, CGAT- 
GGATCCCCCAAGAAGAAGCCGACG; 3'MEKl, CGATCTCGAGTTA- 
GACGCCAGCAGCATG; 5'MEK2, CGATGGATCCAACCTGGTGGAC- 
CTGCAG; 3'MEK2, CGATGAATTCTCACACGGCGGTGCGCGT; 
5'ERKl, TTATGGATCCGCGGCGGCGGCGGCTCAG; 3'ERKl, 
CGATCTCGAGCTAGGGGGCCTCCAGCAC; 5'P38, CGATGGATCCT- 
CTCAGGAGAGGCCCACGTTC; 3'P38, CGATCTCGAGTCAGGACTC- 
CATCTCTTCTTG; 5'JNK1, CGATGGATCCAGCAGAAGCAAGCGT- 
GAC; 3'JNK1, CGATCTCGAGTCACTGCTGCACCTGTGC; 5'MKK3, 
GCATCTCGAGTCCAAGCCACCCGCACCCAAC; 3'MKK3, GCATGA- 
ATTCCTATGAGTCTTCTCCC AGGATC ; 5'SEK, TAATGGATCCGCG- 
GCTCCGAGCCCGAGC; 3'SEK, CGATCTCGAGTCAGTCGACATA- 
CATGGG; 5'MKK6, GCATGGATCCTCTCAGTCGAAAGGCAAG; 
3'MKK6, GCATCTCGAGTTAGTCTCCAAGAATCAG; 5'MEKK, CGA- 
TGGATCC ATGGCGATGTC AGCGTCTCAG ; 3'MEKK, CGATCTCGA- 
GCTACCACGTGGTACGGAAGAC; 5'JUN, C GATGGATCC ACTGCA- 
AAGATGGAAACG; 3'JUN, CGATGAATTCTCACTCCTGCTCATCT- 
GTCACGTTC; 5'ATF, C GATGGATCC AAATTCAAGTTAC ATGTGA- 
ATTCTGCC; 3 ' ATF, CGATCTCG AGTC AAAGAGGGGATAAATCTAG- 
AGG. The following mutants were then generated by site-directed mu- 
tagenesis using PCR: kinase inactive ERK-KK71A), constitutively ac- 
tive MEK-2(S222E/S226D), MKK-3(S189E/T193D), and MKK-6(S207E/ 
T211E). All of the above cDNAs were cloned into pGEX-2T (Amersham 
Pharmacia Biotech), and expressed as GST fusion proteins in Esche- 
richia coli BL-21 cells and purified on glutathione beads according to 
the manufacturer's directions. 

in Vitro Kinase Assays — The amount of immunopreci pita ted wild 
type MEK used in these assays was adjusted to give a similar amount 
of activity units as obtained with 10 nM recombinant MEK (see below). 
All other assays were performed with a recombinant, constitutively 
activated mutant MEK-1 (AN3-S218E/S222D) or constitutively active 
MEK-2(S222E/S226D). Reaction velocities were measured using a 96- 
well nitrocellulose filter apparatus (Millipore, Bedford, MA) as de- 
scribed below. Unless otherwise noted, reactions were carried out at an 
enzyme concentration of 10 nM, in 20 mM Hepes, 10 mM MgCl 2 , 5 mM 
/3-mercaptoethanol, 0.1 mg/ml BSA, pH 7.4, at room temperature. Re- 
actions were initiated by the addition of [y- :i: *P]ATP into the pre mixed 
MEK/ERK/inhibitor reaction mixture, and an aliquot of 100 /xl was 
taken every 6 min and transferred to the 96-well nitrocellulose mem : 
brane plate which had 50 mM EDTA to stop the reaction. The. membrane 
plate was drawn and washed 4 times with buffer (see above), under 
vacuum. Wells were then filled with 30 /xl of Microscint-20 (Packard, 
Meriden, CT) scintillation fluid, and the radioactivity of- :i P-phospho- 
rylated ERK was counted with a Top Count (Packard, Meriden, CT) 
scintillation counter. Velocities were obtained from the slopes of radio- 
activity versus time plots. Concentrations of ERK and ATP were 400 nM 
and 40 ju,M, respectively, unless otherwise indicated. - ,. r 

For MKK-3 and MKK-6, a coupled assay was used in which 200 nM 
MKK-3(S189E/T193D) or MKK-6(S207E/T211E) was preincubated 
with 100 nM wild type p38 in the presence of 20 julM cold ATP with or 
without U0126 for 15 min. The coupled reaction was then initiated with 
the addition of 3 jxm myelin basic protein (for MKK-3) or ATF (for 
MKK-6) and 2 /LtCi of [y- 33 P] ATP. For SEK, 700 nM MEKK, 143 nM SEK, 
400 nM JNK, and 1 jam c-Jun were mixed with or without compound and 
initiated with 10 jllM ATP and 1 /xCi of [y- 3; 'PlATP. All reactions were 
carried out and analyzed as described for the immune complex kinase 
assays. 

The effect of U0126 on Abl kinase activity was determined, by using 
baculovirus expressed c-Abl. Inhibition of c-Abl autophosphorylation 
was measured. Effects of U0126 on Cdk2 and Cdk4 were determined 
using recombinant proteins as described (15). «. ; . 

For all of the in vitro enzyme assays, the percent inhibition was 
calculated 100 (1 — ^-/V^) where V ( - and V u are the initial reaction 
velocities in the presence and absence of inhibitor, respectively. The 
data were then plotted as percent inhibition as a function of. inhibitor 
concentration and fit, by nonlinear least squares regression, .to the 
standard equation for a Langmuir isotherm to determine the IC 50 . As 
reported, enzyme concentrations were based upon molecular weights 
and mass of protein used in the final assay volume and not on active site 
titration. Thus, the actual enzyme active site concentration may differ 
from that reported. 



Equilibrium Binding Measurements — To determine whether U0126 
and PD098059 could displace one another from MEK, we performed 
displacement experiments with ^H-labeled U0126 by equilibrium dial- 
ysis (16). Dialysis was performed with a 10-kDa cut-off Slide- A-Lyzer 
dialysis cassettes (Pierce). The cassette contained 0.5 ml of a 1 jxM 
AN3-S218E/S222D MEK solution (in reaction buffer plus 400 ixM ATP 
and 0.1 mg/ml BSA, see above). Mixtures were dialyzed at room tem- 
perature for 4 h against 100 ml of 0.2 /xM l :i H]U0126 and varying 
concentrations of PD 098 05 9, in the same buffer system. A dialysis time 
of 4 h was chosen because experiments in which [ :, H]U0126 was dia- 
lyzed against buffer only established that this amount of time was 
sufficient to reach equilibrium. At the end of dialysis the amount of 
[ a H]U0126 inside and outside the dialysis cassette was quantified by 
scintillation counting. Control experiments were performed in the same 
fashion with BSA, but not MEK, present in the dialysis cassette. Only 
low levels of compound binding to BSA were detected, and the MEK 
data were corrected for this nonspecific binding. 

Northern Analysis — An immortalized 3T3-type cell line derived from 
mouse embryonic fibroblasts was used for these studies (17). The cells 
were plated in lOO-mm* dishes in DMEM, 10% FCS and when they 
reached confluency were serum-starved for 48 h in DMEM, 0.5% FCS. 
'Hie cultures were then stimulated with 100 ng/ml TP A, 10% FCS in the 
presence or absence of compound for 8 h. Compounds were added to give 
a final concentration of 0.1% Me 2 S0. Total RNA was isolated using 
RNA-Zol B (Tel -Test Inc., Friendswood, TX), and Northern blots were 
performed as described (17) using 10 fj.g of RN A/lane. The blots were 
probed with digoxigenin -labeled cDNA probes for full-length murine 
MMP-1, c-Fos, c-Jun, or glyceraldehyde-3- phosphate dehydrogenase 
according to the manufacturer's instructions (Boehringer Mannheim). 
For effects on IL-2 mRNA levels, Jurkat cells were stimulated with 100 
ng/ml PMA and 1 jug/ml PHA in the presence or absence of various 
concentrations of U0126. RNA was isolated after 4 h, and IL-2 mRNA 
levels were determined by Northern analysis using a digoxigenin -la- 
beled human IL-2 cDNA as a probe. 

Electrophoretic Mobility Shift Analysis — A 54-mer peptide (BBRC) 
containing a consensus sequence from the DNA binding region and 
leucine zipper dimerization motif of the Fos and Jun proteins was used. 
This peptide has been shown to bind to the TRE consensus site (19). The 
sequence of the AP-1 binding oligonucleotide used was TTATAAAG- 
CATGACTCAGACACCTCT, which contains the TRE site from the colla- 
genase promoter. Single-stranded oligonucleotides were 5' -end-labeled 
with [y- 3!i P]ATP using T4 kinase, purified over a Chromaspin-10 column 
(CLONTECH) to remove unincorporated ly-^PJATP, and annealed. For 
each reaction, 1 x 10 4 cpm (approximately 5 iim) of radiolabeled oligo- 
nucleotide was incubated with 15 nM BBRC peptide in a final volume of 
25' /llI of IX binding buffer for 25 min at 16 °C. The binding buffer 
contained 12 mM Hepes, pH 7.9, 20 mM KC1, 1 mM MgCl 2 , 0.5 mM DTT, 
0.5 mM PMSF, 12% glycerol, and 50 nM poly(dl-dC). Compounds were 
added to the peptide/binding buffer mixture 10 min prior to the addition 
of radiolabeled oligonucleotide in a 0.4% final Me^SO concentration. All 
reactions were analyzed by polyacryl amide gel electrophoresis using 5% 
gels in 0.5 x TBE buffer. 

Assay for Tyrosine Aminotransferase — FU5 BDS.l rat hepatoma cells 
(20) kindly provided by Gary Firestone (University of California, Berk- 
ley) were seeded at 50,000 ceils/cm" in 96-well microtiter plates and 
incubated overnight at 5% CO.,, 37 °C in Ham's F12:DMEM nutrient 
mix, 10% charcoal :dextran-treated FCS (HyClone Laboratories), 10 mM 
Hepes, 1 mM sodium pyruvate, lx nonessential amino acids, and 50 
Mg/ml gentamycin (Life Technologies, Inc.). After 24 h, compounds were 
added in Me 2 SO: media and incubated for an additional 24 h. The media 
were aspirated from the wells, and the cells were washed with PBS 
(without calcium and magnesium) before lysis with 25 /il/well 20 mM 
CHAPS in 0.1 m KHP0 4 for 15 min. The cell lysates were centrifuged at 
3,000 rpm for 15 min. Tyrosine aminotransferase activity was per- 
formed on the cell lysates as described (21) with the following modifi- 
cations to accommodate analysis in a 96-well plate format. Lysates (15 
/U) were transferred to a 96-well plate to which 220 /il/well tyrosine 
aminotransferase reagent was added (150 mM L-tyrosine in 0.2 M 
K 2 P0 4 , 5 mg/ml bovine serum albumin, 1.2 mM pyridoxal-5' -phosphate, 
pH 7.3). rt-Ketoglutarate (0.5 M in 0.2 M KJ?0 4 , pH 7.3, 8 /xl/well) was 
added to all wells except blanks and gently mixed. The plates were 
covered with foil and incubated at room temperature for 5 h. NaOH (10 
n) was added to all wells (15 jxl/well) except blanks and mixed thor- 
oughly. «-Ketoglutarate (0.5 m in 0.2 m K,P0 4 , pH 7.3) was added to the 
blank wells (8.0 /xl/well) and mixed. The tyrosine aminotransferase 
activity was measured at 340 nm using a Molecular Devices UV max 
kinetic plate reader. 
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Materials 

Synthesis of U0126 (l,4-Diamino-2 t 3'dicyano-l,4-bis-(2-aminophe- 
nytthio)butadiene, U0125, and U0124— U0124, U0125, and U0126 (22) 
were prepared by the addition of a thiol to tetracyanoethane as shown 
in Scheme 1. Tetracyanoethane (23) (6.5 g, 50 mmol) was dissolved in 20 
ml of reagent grade acetone. In a separate flask or^/io-aminobenzene- 
thiol (25 g, 20 mmol) was dissolved in 50 ml of degassed 10% sodium 
hydroxide. The tetracyanoethane solution was added in a single portion 
to the sodium hydroxide solution, and the reaction mixture was vigor- 
ously stirred for 2 h, during which time an oil separated. The reaction 
mixture was allowed to stand for 1 h, and the solid which formed was 
filtered. The crude product was triturated with ethanol (2 x 50 ml) and 
recrystallized twice from ethanol (300 nil) and dried under vacuum, 
m.p! 163-165 °C. 'H NMR (CD y OD) d 7.48, d, J = 7 Hz, 2H, 7.35, t, J = 
7 Hz, 2H, 6.94, d,J=7 Hz, 2H, 6.79, t, J = 7 Hz, 2H, 3.70, q, J = 7 Hz, 
2H (EtOH), 1.28, t, J - 7 Hz, 2H (EtOH). The proton NMRs for each 
compound were indicative of a symmetric structure. The configuration 
of the butadiene in U0126 was confirmed by single crystal x-ray anal- 
ysis (see Scheme 1). 

All other materials were sourced as indicated above or were of the 
best grade commercially available. 
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Fig. 1. Structures of synthetic MEK inhibitors. U0126 was iden- 
tified as a suppressor of AP-l-d riven promoter activity as described 
under "Experimental Procedures." U0125 and U0124 represent a less 
potent and inactive analog, respectively. The asterisk shows the posi- 
tion of the 3 H label in U0126. PD098059 was identified by the Parke- 
Davis group (13). 



RESULTS 

Identification of a Novel Inhibitor of 'AP-1- driven Gene Acti- 
vation — We screened a total of 40,000 compounds for their 
ability to functionally antagonize AP-l-driven gene activation 
without activating a GRE -driven gene. Our efforts identified 
U0126 whose structure is shown in Fig. 1. U0126 suppressed 
AP-1 -mediated gene activation in transient transfection assays 
(Fig. 2) as described under "Methods" with an IC^ = 0,96 ± 
0.16 jlim {n ~ 12). In these same assays, U0126 was without 
effect on a constitutively expressed cotransfected gene, RSV- 
jSGal, or constitutively expressed Juciferase driven off the cdc2 
kinase promoter (data not shown). A further test of U0126 
specificity was performed in a number of other cell types using 
either transfected or endogenous promoters. The results are 
summarized in Table I. U0126 had no effect on cAMP-depend- 
ent response element-driven luciferase expression from the 
RP5 F promoter and was also without effect on the GRE -driven 
tyrosine aminotransferase gene. In contrast, U0126 did inhibit 
TPA-dependent TRE-driven luciferase expression in the RP5' 
reporter construct along with MMP-1, a gene known to be 
highly dependent upon AP-1 for its inducible activity by mul- 
tiple stimuli (24). 

U0126 Inhibits c-Fos and c-Jun Induction in TP A- stimulated 
Cells — To determine the mechanism of U0126 inhibition of 
AP-l-mediated gene activation, we initially studied the ability 
of U0126 to inhibit directly AP-1 DNA binding. U0126 did not 
inhibit binding of an AP-1 peptide (18) to a TRE -containing 
oligonucleotide probe by electrophoretic mobility shift analysis 
(data not shown). Based upon these findings, our next series of 
studies focused on the ability of U0126 to affect components 
that make up the AP-1 transcription factor complex. In fibro- 
blasts treated with TPA/serum, U0126 suppressed the up-reg- 
ulation of c-Fos and c-Jun proteins by 50-80%, as detected by 
Western analysis (Fig. 3A). This effect was mirrored in North- 
ern blot analysis which showed that U0126 blocked c-Fos and 
c-Jun mRNA up-regulation (Fig. SB). Similar effects were ob- 
served in Jurkat cells stimulated with PHA/PMA (data not 
shown). In contrast, dexamethasone and U0124, an inactive 
U0126 analog, had no effect on c-Fos and c-Jun protein or 
mRNA levels. Induction of the Fos family member, FosB, and 
the zinc finger-containing transcription factor, Egr-1, was also 
inhibited by U0126 (data not shown). Treatment with 10 (jlm 
U0126 did not affect the protein levels of the constitutively 
expressed transcription factors SP-1 (Fig. 3A) or JunD and 
Fra-1 (data not shown). These studies suggested that the de- 
creased AP-1 activity observed in cells treated with U0126 
resulted from a decrease in Fos and Jun protein levels. 

Ras Signaling and the MAP Kinase Cascade Provide the 
Target for U0126 Action— The ability to inhibit TPA up-regu- 
lation of c-Fos and c-Jun protein suggested that U0126 blocked 
signaling events generated at the cell surface leading to AP-1 
induction. One signaling pathway known to be involved in 
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Fig. 2. U0126 suppresses an AP-l-driven luciferase reporter construct in COS-7 cells without affecting a constitutively active 
promoter, RSV-0-Gal. U0126 suppresses AP-1 reporter gene activity in COS-7 cells treated as described under "Methods." Half-maximal activity 
was obtained at 1.0 jllM U0126. U0126 was without effect on the constitutively active reporter construct RSV-p-Gal. 
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Table I 

Summary of U0126 effects on trans fected 
and constitutive gene activation 



Activity 



Cell type Stimulus 



U0126 (IC M ) 



Reporter assays 
AP-l-luciferase 
RSV-0gal 
cdk-luciferase 
RP5'-luciferase 

Endogenous genes 
TAT protein 
1L-2 mRNA 
MMP mRNA 



COS-7 
COS-7 
COS-7 
COS-7 



Hepatoma 

Tcell 

Fibroblast 



PMA 



PMA 
c-AMP 



PMA/PHA 

TPA 

TNF 



1.0 H-M 

Inactive i 

Inactive 

58% at .10 /am" 

Inactive 

Inactive 
1.4 /iM 

2.0 juM 

69% at 10 uM" 



" Expressed as percent inhibition at 10 t±M. Assays were performed as 
described under "Experimental Procedures." 
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Fig. 3. U0126 inhibits c-Fos and c-Jun protein and mRNA ex- 
pression in TPA plus serum-stimulated fibroblasts. Serum- 
starved fibroblasts were stimulated with 100 ng/ml TPA, 10% FCS lor 
various lengths of time in the presence or absence of 10 jllM U0126, A, to 
determine effects of U0126 on Fos and Jim protein levels, nuclear 
extracts were prepared as described under "Experimental Procedures," 
and 10 txg of extract was analyzed by Western blotting using antibodies 
specific for c-Jun, c-Fos, or SPl. B, to determine effects of the compound 
on Fos and Jun mRNA levels, total RNA was prepared and analyzed by 
Northern blotting using digoxigenin -labeled cDNA probes for c-Jun, 
c-Fos, or glyceraldehyde-3-phosphate dehydrogenase (gapdh). 

TPA-mediated AP-1 up-regulation is the Ras pathway. Activa- 
tion of the Ras pathway by TPA in fibroblasts or PHA/PMA in 
Jurkat cells was also consistent with our data on U0126 block- 
ade of AP-1 up-regulation in these two cell types. 

To address the effects of U0126 on members of the Ras 
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Fig. 4. U0126 inhibits MEK but not Hat' or ERK in in vitro 
kinase assays. Raf (A), ERK (£f), and MEK (C) were immunoprecipi- 
tated from PMA/PHA-treated Jurkat cells that had not received any 
drug treatment. U0126 at the indicated concentrations was then added 
directly to the immune complex kinase assay. The phosphatase PP2A 
(2A) (Upstate Biotechnology) was used as a positive control and was 
added at 1 ^eg/reaction. Gel quantitation by Phosphor Imager analysis is 
shown in the histogram. 



signaling cascade, immune complex kinase assays were per- 
formed on cell lysates from Jurkat cells treated with PMA/PHA 
as described under "Methods." The results of these studies 
showed that ERK activity was decreased in cells treated with 
U0126, whereas Raf and MEK activities were unaffected by the 
compound (data not shown). The effect was reversible as pre- 
treatment of cells with compound followed by washout prior to 
activation showed no effect on ERK activity (data not shown). 
These results suggested that U0126 was either directly affect- 
ing ERK catalytic activity or was affecting the ability of MEK 
to activate ERK as part of the MAP kinase signaling cascade. 
Therefore, we evaluated the ability of U0126 to inhibit each 
member of the MAP kinase cascade directly in in vitro kinase 
assays using enzymes isolated by immunoprecipitation from 
PHA/PMA-stimulated Jurkat cells. 

As seen in Fig. 4, U0126 did not inhibit ERK or Raf kinase 
activity when added directly to kinase assays in vitro but did 
inhibit MEK enzyraic activity in a concentration-dependent 
manner. These data demonstrate that U0126 is an inhibitor of 
MEK. Similar MEK inhibition was observed with U0125 al- 
though the potency was approximately 10-fold less than U0126. 
U0124 did not inhibit MEK at concentrations up to 100 yM. As 
expected, U0126 was able to inhibit MEK-dependent intracel- 
lular ERK phosphorylation in a concentration-dependent man- 



18628 



Identification of a Novel MEK Inhibitor 



IU0126|(uM) 



Unstirn PMA .001 ,01 .1 ,5 1 5 10. 



ERK-P 



.a 
'sz 
c 



■ ^^^r- ■■■■■■■ 




0.001 



0.01 0.1 1 
U0126 (uM) 



10 



Fig. 5. Intracellular ERK phosphorylation in COS : 7 cells is 
inhibited by U0126 treatment. COS-7 cells were treated' with PMA 
plus the indicated concentrations of U0126 lor 15 min. Levels of ERK 
phosphorylation were determined by Western blot analysis using a 
anti-phospho-ERK antibody. The autoradiograph was analyzed by den- 
sitometry. Similar results were obtained in three experiments. 



ner (Fig, 5), indicating that the in vitro effect seen with U0126 
translated into cells treated with the compound. Furthermore, 
the data in Table II show that inhibition of MEK is selective, as 
only MEK-1 and MEK-2 are sensitive to U0126 from a panel of 
kinases tested. 

In Vitro MEK Assay — To characterize inhibitor interactions 
with MEK most efficiently, we have optimized a high through- 
put assay based on MEK-mediated phosphorylation of a ki- 
nase-inactive mutant (K71A) form of ERK1 and subsequent 
capture of ERK on nitrocellulose filters. The experimental de- 
tails of this assay are described above under "Experimental 
Procedures." Fig. 6 illustrates typical progress curves for ERK 
phosphorylation by MEK-1 at varying ERK concentrations and 
a fixed ATP concentration of 40 ju-m. As illustrated in this figure, 
the assay provides linear enzyme kinetics over a convenient 
time window, with minimal background signal. For all of the 
data reported here we have determined the reaction velocity 
from the slope of the linear least squares fit of the progress 
curve data, as exemplified in Fig. 6. 

Steady State Evaluation of MEK-1 Inhibition by U0126 and 
PD098059— The demonstration that U0126 was a MEK inhib- 
itor prompted us to characterize the inhibition kinetics. For 
comparative purposes we also evaluated the kinetics of the only 
other known MEK inhibitor, PD098059 (13). For initial evalu- 
ation of inhibitor potency, the reaction velocity was measured 
over a range of inhibitor concentrations at a single, fixed set of 
substrate concentrations (400 nM ERK, 40 jllm ATP), and the 
data were fit to a Langmuir isotherm to determine the IC r , 0 
value for each inhibitor (data not shown). From this analysis 
we found that* the apparent IC 50 values of U0126 and 
PD098059 were -0.07 and 10 tiM, respectively, for the consti- 
tutively active recombinant MEK-1. Similar studies were per- 
formed to evaluate the inhibition of wild type activated MEK 
that was obtained by immunoprecipitation from stimulated 
Jurkat cells. In this case the IC ri0 of both compounds was 
significantly increased to 0.53 u,M and >100 jum for U0126 and 
PD098059, respectively. This effect was not due to some anti- 
body-mediated interference with inhibitor binding, since the 
IC r>0 of U0126 for AN3-S218E/S222D MEK that was similarly 
immunoprecipitated from solution was not significantly af- 
fected (IC 50 = 0.12 jiM). Thus, there appears to be a large 
difference in affinity of both compounds for these two activated 
forms of MEK. 

For both wild type and AN3-S218E/S222D MEK it was ap- 



Table 11 

U0126 inhibition of various kinases in. in vitro kinase assays 
Kinase assays were performed as described under "Methods." IC G0 
values were determined from nonlinear least squares fitting of concen- 
tration response plot data to the standard Langmuir isotherm equation. 



Protein kinase 



IC, 0 



MEK1 
MEK2 

ERK172 ( P 44/p42 MAP kinase) 
MKK3/p38 MAP kinase" 
JNK 
MKK4 

MKK6/p38 MAP kinase" 

Protein kinase C 

Abl 

cdk2 

cdk4 



/AM 

0.072 ± 0.02 (n = 6) 
0.058 ± 0.02 (ra = 2) 
>50 

38 ± 9 (n = 5) 
>100 
>100 

20 ± 7 (n - 3) 
>10 
>100 
>10 
>10 



" Inhibition measured in a coupled kinase assay as described under 
"Methods." 
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Fig. 6. Progress curves tor MEK-mediated phosphorylation of 
ERK at varying ERK concentrations. Assay conditions were as 
follows: 20 mM Hepes, pH 7.4, 10 mm MgCl a , 0.1 mg/ml BSA, 10 mM 
j3-mercaptoethanol, 40 /am ATP, 10 nM MEK, and ERK concentrations of 
0,1 (iM (open circles), 0.3 /xM (closed circles), 0.6 /am (open squares), 1.0 
fiM (closed squares), and 2.0 /am (closed triangles). 



parent that U0126 represents a much more potent inhibitor 
compared with PD098059. The iC r>0 exhibited by U0126 for the 
AN3-S218E/S222D MEK (70 iim) was of similar magnitude to 
the total enzyme concentration used in the assay (10 nM). For 
this reason we were concerned that the inhibitor was acting as 
a tight binding inhibitor and, as such, would not be amenable 
to classical Michaelis-Menten kinetic analysis (25). To investi- 
gate this further we varied the^ enzyme concentration from 2 to 
100 nM and measured the apparent lC r>0 of U0126. As expected, 
the IC 50 increased with increasing enzyme concentration. In 
decreasing the enzyme concentration from 10 to 2 nM MEK, 
however, we did not see a significant drop in the measured IC 50 
value; below 2 nM MEK the signal was too weak to measure 
reaction velocities. Tight binding inhibition is usually associ- 
ated with a slow onset of inhibition and/or a slow dissociation of 
the enzyme-inhibitor complex (25). We therefore looked for a 
time dependence of inhibition with U0126 in two separate 
experiments. In the first experiment we initiated the reaction 
with enzyme, rather than with ATP, and looked for curvature 
in the reaction progress curves, which would indicate a time- 
dependent onset of inhibition. In the second experiment we 
premixed the enzyme and U0126 at high concentrations and, 
after varying incubation times, initiated the reaction by dilu- 
tion into a reaction solution containing both substrates. In this 
second experiment, a slow off-rate for the enzyme-inhibitor 
complex would be manifested in a lag phase or upwardly curv- 
ing progress curve (25). For both sets of experiments we ob- 
served linear progress curves, indicating a lack of any time 
dependence for U0126 inhibition. From these results we con- 
cluded that, despite the low value for its l'C rj0 , U0126 did not 
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Table III 

Inhibitor constants (Ki or ctKJ for U0126 and PD098059 for various 
forms of &N3-S218E-S222D MEK 



Compound 








MEK 


MEK-ATP 


MEK-ERK 










U0126 


0.041 ± 0.020 


0.048 ± 0.003 


0.109 r 0.033 


PD098059 


14.713 ± 2.338 


3.062 ± 0.083 


4.761 ± 1.147 



behave as a tight binding inhibitor. We have therefore analyzed 
the kinetics of U0126 inhibition of AN3-S218E/S222D MEK-1 
using classical Michaelis-Menten methods. The K t values for 
this inhibitor (Table III) have, however, been corrected for the 
concentration of enzyme used in the assays. 

Fig. 7 and 8 illustrate the effects of U0126 and PD098059, 
respectively, on the steady state kinetics of AN3-S218E/S222D 
MEK at varying ERK or ATP concentrations. The lines drawn 
through the data in these double -reciprocal plots were calcu- 
lated from nonlinear least squares fits of the untransformed 
data to the Michaelis-Menten equation (see Equation 1), as 
detailed in Ref. 25. 



" /C pp + [S] 



(Eq. 1) 



where V£E£e an d ^i PP are tne apparent values of V max and K m at 
each individual inhibitor concentration. The double-reciprocal 
plots shown in Figs. 7 and 8 all display the same pattern, a nest 
of lines that converge on or near the x axis, to the left of the 
origin. This pattern is consistent with noncompetitive or mixed 
inhibition with respect to both substrates of the MEK reaction. 
The convergent nature of these nested lines clearly rules out 
uncompetitive inhibition with respect to either substrate. In all 
cases the convergence point is clearly distant from the y axis 
(i.e. 1/[S] = 0), thus ruling out a competitive mode of inhibition 
with respect to substrate. ■ ''■ 

Mixed or noncompetitive inhibition is best described by the 
following velocity Equation 2 (25). 



V nuut [S] 



(Eq. 2) 



where K t represents the dissociation constant of the inhibitor 
from the free enzyme (MEK) and aK t represents the dissocia- 
tion constant of the inhibitor from the enzyme-substrate binary 
complex (MEK-ERK or MEK-ATP). For each of the data sets 
illustrated in Figs. 7 and 8, we have globally fit the entire data 
set to Equation 2, using the software package Enzyme Kinetics 
(Ronald Viola, Akron, OH). The results of these fits are pre- 
sented in Table III. For each inhibitor, the data presented in 
Table III indicate only minor differences in affinity of the 
inhibitor for the free enzyme and the enzyme-substrate binary 
complexes. Thus, U0126 displays identical affinity for the free 
enzyme and the MEK-ATP complex and only about a 2 -fold 
reduction in affinity for the MEK-ERK complex. In the case of 
PD098059, the inhibitor displays similar affinity for the two 
enzyme-substrate binary complexes and about a 3-5 -fold de- 
crease in affinity for the free enzyme. 

Both U0126 and PD098059 bind to free MEK and to the 
MEK-ERK and MEK-ATP complexes with minimal perturba- 
tions of their affinities due to substrate binding. Hence, both 
inhibitors can reasonably be described as noncompetitive. For 
all forms of the enzyme, however, U0126 displays significantly 
higher affinity than PD098059; this affinity difference ranges 
from 44-fold for the MEK-ERK complex to 357-fold for the free 
enzyme. 
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Fig. 7. Double-reciprocal plots of MEK enssymic activity as a 
function of ATP (A) and ERK (B) concentration at several fixed 
concentrations of U0126. Inhibitor concentrations were 0 (open cir- 
cles), 0.025 jitM (closed circles), 0.050 jxM (closed squares), and 0.100 
(open squares). 
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Fig. 8. Double-reciprocal plots of MEK enzymatic activity as a 
function of ATP (A) and ERK (B) concentration at several fixed 
concentrations of PD098059. Inhibitor concentrations were 0 (open 
circles), 2 jaM (closed circles), 4 /xM (dosed squares), and 10 /xM (open 
squares). 

Equilibrium Binding Studies — The affinity differences not- 
withstanding, the similarity in inhibition modality for U0126 
and PD 09805 9 begs the question of whether these inhibitors 
share a common binding site on the enzyme. To address this 
issue we have had U0126 synthesized with tritium incorpora- 
tion at the 5-position (see Fig. 1) and used this radiolabeled 
form of the inhibitor to perform equilibrium binding displace- 
ment studies. For these studies, the preformed MEK-ATP com- 
plex was used, based on the data in Table III, to provide 
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Fig. 9. Displacement of [ 3 ]H-U0126 from MEK by PD098059 as 
measured by equilibrium dialysis. Conditions were as described in 
the text. The line drawn through the data points represents the non- 
linear least squares best fit to the Langmuir binding isotherm (25). 

maximal affinity of both compounds for the enzyme. l ,:i H]U0l26 
was incubated with the MEK* ATP complex, and the ability of 
varying concentrations of PD098059 to displace the radiola- 
beled inhibitor was determined by equilibrium dialysis. The 
results of a typical displacement curve are illustrated in Fig. 9. 
The data clearly indicate that PD098059 is capable of displac- 
ing U0126 from the enzyme in a concentration-dependent fash- 
ion. Hence, the two inhibitors bind to MEK in a mutually 
exclusive manner. Similar displacement of [ 3 H]U0126 by 
PD098059 was observed using free MEK in place of the 
MEK-ATP complex, but in this case a slightly higher concen- 
tration of PD098059 was required to effect half-maximal dis- 
placement (data not shown). 

DISCUSSION 

The mitogen-activated protein kinase (MAPK> signaling 
pathways are involved in cellular events such as growth, dif- 
ferentiation, and stress responses (26-32). These pathways are 
linear kinase cascades in that MAP kinase kinase kinase phos- 
phorylates and activates MAP kinase kinase (MAPKK) which 
phosphorylates and activates MAP kinase. To date, seven 
MAPK kinase homologs (MEK1, MEK2, MKK3, MKK4/SEK, 
MEK5, MKK6, and MKK7) and four MAPK families (ERK1/2, 
JNK, p38, ERK5) have been identified. The MAPK kinase 
family members are unique in that they are dual specificity 
kinases, phosphorylating MAPKs on both threonine and tyro- 
sine. Specifically, MEK1 and MEK2 share 80% amino acid 
sequence identity and appear to be functionally redundant in 
cells (33). The same is true for ERK1 and ERK2 (34). Activation 
of these pathways regulates the activity of a number of sub- 
strates through phosphorylation. These substrates include 
transcription factors such as p62 TCF (Elk-1), c-Myc, ATF2 and 
the AP-1 components, c-Fos and c-Jun (35). 

We identified U0126 as an inhibitor of the MAPK cascade 
leading to ERK1 and ERK2 activation. U0126 is a potent and 
specific inhibitor of the dual specificity kinases MEK1 and 
MEK2 both in in vitro enzymic assays as well as intracellularly 
where U0126 blocked phosphorylation and activation of ERK. 
Blockade of ERK activation would prevent downstream phos- 
phorylation of a number of factors including p62 TCF (Elk-1) 
preventing induction of c-Fos and c-Jun, components of the 
AP-1 complex. Discovery of U0126 was based upon blockage of 
AP-1 activation which relied upon this activation pathway. 

We have demonstrated that U0126 is a potent 41-109 
nM), noncompetitive inhibitor of AN3-S218E/S222D MEK-1. 
Steady state kinetic analysis indicates that PD098059 likewise 
is a noncompetitive inhibitor of this enzyme. The noncompeti- 
tive nature of U0126 and PD098059 inhibition of MEK may be 
a pharmacological advantage for compounds of this type. Al- 
though undefined at present, the binding site for these com- 



pounds on MEK is clearly distinct from those for the two 
substrate molecules, ATP and ERK. Hence, such compounds 
may not suffer large diminution in efficacy in cellular systems 
due to high concentrations of substrate (i.e. ATP) or the exist- 
ence of preformed binary enzyme-substrate complexes (i.e. 
MEK-ERK or MEK-ATP). The results of equilibrium binding 
studies indicate that the two compounds bind to AN3-S218E/ 
S222D MEK-1 in a mutually exclusive fashion. The simplest 
interpretation of this result is that the two compounds share a 
common binding site on the enzyme. Although we consider it 
less likely, we cannot rule out the possibility that the two 
compounds bind to different sites on the protein that are some- 
how in anti-cooperative communication with one another. At- 
tempts are underway presently to clarify this issue further. 

For both U0126 and PD098059 we observed a significant (at 
least 7-fold) reduction in affinity for wild type-activated MEK-1 
as compared with the AN3-S218E/S222D MEK-1 mutant. In 
fact, the diminution in affinity is so great for PD098059 that we 
were not able to achieve more than —25% inhibition of wild 
type activated MEK-1 at the highest concentration tested for 
this compound (100 (jlm). This result is consistent with previous 
data for PD098059 reported by Dudley et al. (13) and by Alessi 
et al. (36). In these papers the authors demonstrated that 
PD098059 was an effective inhibitor (lC n() -10 jum) of the 
ERK-phosphorylating activity of both nonactivated wild type 
(i.e. basal activity) and of a partially activated mutant MEK- 
GST fusion construct. In contrast, however, these authors 
found that PD098059 was incapable of inhibiting wild type 
MEK-1 that had been activated through Raf-mediated phos- 
phorylation in stimulated Swiss 3T3 cells. From these data the 
authors suggested that PD098059 binds only to the inactive 
(i.e. nonphosphorylated) form of MEK-1, binding being medi- 
ated by the conformational change that attends activation of 
the enzyme. Our present data lead to a slightly different inter- 
pretation. The mutant MEK-1 that we have used (AN3-S218E/ 
S222D) has been shown to be fully activated and to stimulate 
AP-l-regulated gene transcription when expressed in mamma- 
lian cells (37). Hence any conformational transition that at- 
tends activation of MEK-1 must clearly be mimicked in the 
AN3-S218E/S222D mutant. Both PD098059 and U0126 display 
potent binding to this activated MEK-1 form. Yet neither com- 
pound appears to bind as well to wild type MEK-1 that has 
been activated through Raf-mediated phosphorylation. We con- 
clude, therefore, that there must be subtle conformational dif- 
ferences between AN3-S218E/S222D MEK-1 and S218/S222- 
phosphorylated MEK-1 that mediate binding of U0126 and 
PD098059 to the former, but not the latter, enzyme form, 
despite the fact that both forms display high ERK-phosphoryl- 
ating and subsequent AP-l-activating ability. The potency of 
PD098059 as an inhibitor of cellular AP-l-regulated gene tran- 
scription cannot be accounted for by its inhibitory potency 
toward wild type-activated MEK-1 (see above). This discrep- 
ancy was rationalized by Alessi et al. (36) by demonstrating 
that PD098059 blocked Raf-mediated activation (i.e. phospho- 
rylation) of wild type MEK in cells, by direct binding to nonac- 
tivated MEK. Thus, despite the ability of this compound to 
inhibit activated and partially activated mutant forms of 
MEK-1 in vitro, these authors concluded that the cellular ef- 
fects of PD098059 were mainly due to binding of this compound 
to nonactivated MEK, leading to inhibition of MEK activation 
by Raf. This mechanism clearly does not apply for U0126, since 
MEK phosphorylation in stimulated Jurkat cells is unaffected 
by U0126 at concentrations that completely block downstream 
ERK phosphorylation (Fig. 4). Thus, whereas U0126 and 
PD098059 appear to bind to AN3-S21SE/S222D MEK-1 in sim- 
ilar fashions, and in fact may bind to a common site on the 
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enzyme, there remain some questions about the details of their 
individual modes of action in a cellular context. 

MEK inhibition has been shown to differentially affect sig- 
naling events through a variety of cell surface receptors. 
Growth factor-mediated proliferation and chemotactic re- 
sponses are blocked by PD098059 (24, 38). In addition, myo- 
genic effects of insulin on DNA synthesis and pp90 i:6ik activa- 
tion are also inhibited by PD098059, whereas insulin-mediated 
PHAS-I activation is not inhibited (39, 40). Interestingly, 
PD098059 did not affect glucose uptake, glycogen synthase 
activation, or lipogenesis in insulin- treated cells (39). Similar 
differential effects of MEK inhibition on heterotrimeric G-pro- 
tein-coupled seven transmembrane receptor (7TM) signaling 
have appeared. For example, PD098059 blocks angiotensin 
II-induced ERK phosphorylation and thymidine incorporation 
into DNA in aortic smooth muscle cells but has no effect on Ail 
induction of phospholipase C, phospholipase D, or pp70 l<sk (41). 
Also, PD098059 inhibits ERK phosphorylation in myocytes ex- 
posed to phenylephrine but fails to block atrial natriuretic 
factor expression (42), In neutrophils, ERK activation occurs in 
response to the agonists AMbrmyl peptide, IL-8, C5a, and leu- 
kotriene B 4 which is blocked by PD098059 (43), In addition, 
PD098059 blocks neutrophil chemotaxis in response to all 
agents but does not alter superoxide anion production. Simi- 
larly, U0126 blocks ERK activation in Af-formyl peptide- and 
leukotriene B^-stimulated neutrophils but does not impair 
NADPH-oxidase activity or bacterial cell killing. 2 Analogous 
differential effects of PD098059 have recently been shown in T 
cells stimulated with anti-CD3 monoclonal antibody in con- 
junction with either PMA or anti-CD28 monoclonal antibody 
(44). The MEK inhibitor blocked IL-2, tumor necrosis factor-a, 
granulocyte-macrophage colony-stimulating factor, interfer- 
on-y, and IL-6 production but enhanced production of IL-4, 
IL-5, and IL-13, These findings obviate the need to ensure that 
ERK activation is indeed coupled to the cellular event or re- 
sponse attributed to MAP kinase pathway activation. 

Another intriguing differential effect observed with ,MEK 
inhibition involves thrombin-induced arachidonic acid release 
in endothelial cells and platelets. PD098059 inhibits ERK ac- 
tivation in both platelets and endothelial cells in response to 
thrombin treatment. In platelets, this effect does not alter 
arachidonic acid release nor affect aggregation (45). In con- 
trast, PD098059 blocks prostacyclin I 2 release in thrombin- 
stimulated endothelial cells while not affecting van Willebrand 
factor secretion (46). Thus, blockade of thrombin . signaling 
events in different cell types leads to dramatically different 
results upon arachidonic acid metabolism. Our own data sup- 
port these findings. U0126 is unable to block arachidonic acid 
release or thromboxane synthesis in thrombin-stimulated 
platelets, whereas U0126 is able to block arachidonic acid 
release along with prostaglandin and leukotriene synthesis in 
keratinocytes stimulated with a variety of agents. 3 Thus, the 
putative effector target, cytosolic phospholipase A 2 , is insensi- 
tive to MEK inhibition in platelets while showing sensitivity 
and a blunting of response in other cell types. These effects 
presumably reflect cytosolic phospholipase A 2 activation by 
non-ERK mechanisms in platelets, whereas ERK is the .acti- 
vating kinase in other cell types (47). 

The proximal involvement of Ras in the activation of the 
ERK pathway suggests that MEK inhibition might show effi- 
cacy in cancers where oncogenic RAS is a determinant in the 
cancer phenotype. Indeed, PD098059 (36) as well as U0126 are 
able to impede the growth of Ras-transformed cells in soft, agar, 
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even though these compounds show minimal effects on cell 
growth under normal culture conditions. PD098059 has also 
been shown to reduce urokinase secretion controlled by growth 
factors such as epidermal growth factor, transforming growth 
factor-^, and fibroblast growth factor in an autocrine fashion in 
the squamous cell carcinoma cell lines UM-SCC-1 and MDA- 
TV-138 (48). In vitro invasiveness of UM-SCC-1 cells through 
an extracellular matrix-coated porous filter was blocked by 
PD098059, although the cellular proliferation rate was not 
affected. These results suggest that control of the tumor inva- 
sive phenotype by MEK inhibition may be a possibility. 

Functional antagonism of AP-1 activity without activation of 
GRE-mediated gene activation was the original intent of our 
screening effort. The notion that we could find a compound to 
interact with the GR and preferentially inhibit AP-1 was based 
upon the finding that steroids suppress gene transcription 
through this interaction. Although we were not successful in 
finding an agent with the ability to separate GR gene activa- 
tion from gene suppression, identification of such compounds 
using other members of the steroid -thyroid receptor superfam- 
ily have been reported. By using the retinoic acid receptor as 
the vehicle to functionally antagonize AP-1 -mediated gene ac- 
tivation, a number of compounds have been described that 
perform this function without activating retinoic acid response 
element-driven genes (49). U0126 and MEK inhibitors in gen- 
eral seem to accomplish the same result, although in a mech- 
anistically distinct fashion. 
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